An estimation method for temporal variation of refractive index (RI) using phase data observed by a Cband Doppler radar equipped with a magnetron transmitter is presented. Temporal variation of RI was estimated from phase increments that were caused by temporal atmospheric variations. Because the wavelength of the C-band radar is as short as 5.7 cm, phase wrapping frequently occurs. Thus, number of phase wrapping was counted by monitoring the phase increments at the interval of 30 seconds. Effect of frequency drift of the magnetron transmitter was removed by using phase increments of a reference target and atmospheric delay between the radar site and the reference target. The method was applied to a case study of daytime sea-breeze front in the Kanto plain. The estimated variation of RI, which has the information of water vapor, showed an agreement with the position of the cloud band that was generated in the surface convergence zone.
Introduction
Intense thunderstorms that develop at the Tokyo metropolitan area sometimes cause flash floods and influence the urban functions. For the prediction of thunderstorms over this area, data assimilation studies in mesoscale or cloud-resolving scales have been conducted (Seko et al. 2004; Kawabata et al. 2007 ). These assimilation results show that low-level water vapor and horizontal wind are essential for formation of convective storms. Radial winds by the Doppler radars and GPS-derived Precipitable Water Vapor data were used as the main assimilation data in these studies. However, it currently takes more than a few ten minutes to collect and process the GPS data.
Recently, refractive index, which is obtained from Doppler radar's phase data that is reflected from fixed targets (e.g., power transmission towers), has been watched with interest as the information source of water vapor (Fabry et al. 1997; Fabry 2004) . Because phase data of Doppler radar become available in a very short time, refractive index is expected to be useful assimilation data for the real-time prediction of the generation and development of thunderstorms.
Several observation experiments for the estimation of refractive index have been performed in the U.S. In the International H2O Project 2002 , Fabry (2006 estimated the refractivity fields from the phase data of Klystron type S-band radars, of which wavelength is about 10 cm. In the Collaborative Adaptive Sensing of the Atmosphere (CASA), X-band radars with the wavelength of about 3.1 cm were used. Because of short wavelength, phase wrapping occurs more frequently. Palmer et al. (2006) proposed the differential refractivity retrieval method to mitigate the phase wrapping. In general, frequency drift of a magnetron type transmitter is larger than that of a Klystron type transmitter. Cheong et al. (2007) pointed out that frequency drift is negligible because the phase offsets due to the frequency drift at two adjacent targets in a radial direction are almost the same and they are removed in the estimation of refractive index.
In this study, temporal variations of refractive index (RI) were estimated from phase data of the magnetron type C-band radar of the Meteorological Research Institute (MRI). Because of short wavelength of C-band radar (5.7 cm), phase wrapping occurs more frequently than that of S-band radars. Thus, it is necessary to check whether the phase wrapping can be avoided by monitoring the phase increments. The refractive index data estimated in this study are to be used as the mesoscale assimilation data. Even if the error in the observation data is small, it may cause a bias in analyzed fields when the data are assimilated for a long time. Thus, a method to remove the influence of the frequency drift is developed in this study.
Features of received power and phase data
Phase and received power used in this study were obtained from In-phase/Quadrature-phase (IQ) data of the magnetron type C-band Doppler radar. Analysis period is about 30 minutes from 1416 JST to 1447 JST on 20 June 2007. IQ data were observed at the interval of 30 s, because the phase wrapping frequently occurs when C-band radar is used. The elevation angle of IQ data was set to 0.24 degree to get many data that are reflected from fixed targets. Since phase of which radio wave was just transmitted was random, the difference between the received phase and the transmitted phase was used. This difference corresponds to the fractional portion of the wave number of radio waves that is required to go to and return from the fixed targets. The range of the difference is from 180 to 180 degrees. This difference is abbreviated as DP, hereinafter.
Before explaining the distributions of received power and DP, weather over the Kanto plain is mentioned briefly. Figure 1 is the cloud image observed by NOAA satellite at 1504 JST, 17 minutes after the end time of the analysis period. A cloud band extending from south to north was seen on the eastern side of MRI. This cloud band was formed by the convergence of seabreeze airflows. Except this cloud band, most of the Kanto plain was unclouded during the analysis period. Figure 2 is the horizontal distributions of average and root-mean-square (RMS) of received power and DP during the analysis period. In the average fields of received power, ground clutters including line-shaped echoes, which seem power transmission towers, were clearly seen around the radar site (Fig. 2a) . Although the cloud band is not clear in Fig. 2a , the position of cloud band is identified by large RMS of received power (not shown). As for RMS of DP, the regions of small RMS existed within the ground clutters (e.g., a line echo indicated by white arrows in Fig. 2 ). The ground clutters of small RMS of DP suggest that these echoes were reflected from fixed targets.
Estimation method of the temporal variation of refractive index
Average of received power and RMS of DP were used to determine whether observed radio waves were reflected from fixed targets or not. In this study, echoes, of which RMS is less than 85 degrees and of which received power is more than 50 dBm, were regarded as those from fixed targets (Fig. 3) . The fixed targets obtained by these threshold values include some echoes of the line-shaped echoes in Fig. 2a . Therefore, this method seems proper for this case event, though the threshold values were determined by trial and error.
Because it is difficult to determine the integer portion of DP, increment of DP from the start time of analysis period was used. The increment of DP is abbreviated to IDP, hereinafter. IDP is the same as 'phase increment' in previous sections. Figure 4 shows the temporal variation of IDP, of which the targets exist within 16.125 km from the radar site along the path with the azimuth angle of 52.5 degrees. To show the time variation clearly, the fractional portion of wave number of IDP is shown. Because IDP of most points gradually decreased during the analysis period, it is possible to count the number of phase wrapping of IDP, i.e., the integer portion of wave number of IDP. Thus, observation interval of 30 s is enough to capture the variation of IDP. This gradual variation was also seen in the whole range of the radar (Supplement 1). These gradual variations support the presumption that this IDP variation was produced by the atmospheric variations. Because of the short analysis period (30 minutes), the variation at the end time of analysis period, which is expected to be largest one during the analysis period, was estimated.
Next, the estimation of temporal variation of RI is explained. Basic relation is that the product of wave number and wavelength is equal to twice the distance from the radar site to the targets. The wavelengths in this relation are varied by the effects of the frequency drift and RI.
The estimation method of temporal variation of RI is composed of following three processes. (1) The variation of wavelength due to frequency drift is estimated by using a fixed target ('reference target') to which the distance from the radar site was known. The variation of wavelength due to atmospheric variation is given from the meteorological tower data, assuming that the data represent the atmosphere from the radar site to the reference target. (2) Variation of wavelength due to atmosphere between the radar site and other targets is estimated from IDP of the target, the wavelength variation due to frequency drift and the distance from the radar site to the target. In this estimation, variation of wavelength due to frequency drift is assumed to be valid at each scan. Then, path-averaged RI (PRI) is estimated from variation of wavelength due to atmosphere between the radar site and other targets. (3) RI between two adjacent targets on the same azimuth direction is estimated from their PRIs.
Here, we explain the procedures in equations. The basic relations on phases, wavelengths and distances at the start and end times of the analysis period are: 
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where is DP at the start time of the analysis period. is IDP at the end of the analysis period caused by the temporal variations of the frequency drift and PRI. is the average wavelength reflected from the reference target at the start time of the analysis period.
T is the difference of the wavelengths reflected from the target and the reference target at the start time.
m and a are the temporal variations of wavelength caused by the frequency drift and by PRI during the analysis period, respectively. Note that these wavelengths are the average values along the path from the radar site to the targets or the reference target. Subscripts of 'T ' and 'RT ' indicate the terms on the paths to the targets and the reference target, respectively. From Eqs. (1) and (2), m is obtained as follows:
where RT m and RT aRT were neglected because these terms are much smaller than other terms.
From Eqs. (3) (5), the temporal variation of wavelength due to the variation of PRI along the path from radar site to the target ( aT) is obtained as follows:
where T T, T m and T aT were neglected. Next, PRI that corresponds to the wavelength variation ( aT) is obtained by using the following equations. They are the relation between the speed, wavelength and frequency of radio waves when the radio wave is affected only by PRI. Note that these equations express a simple relation, which is not the situation of this study's observation. 
where c is the speed of radio waves in the vacuum (3.00 × 10 8 m s 1 ), and f is the radio wave frequency of C-band radar of MRI (5.26 × 10 9 s 1 ). 0 is the wavelength in vacuum (5.70 cm), and a is the wavelength variation caused by the atmospheric delay at the start time of the analysis period. Wavelength of used in Eqs.
(1) (6) is expressed as 0 + a in Eq. (7). NT and NT are the PRI at the start time of the analysis period, and its temporal variation, respectively. The product terms of a , T, 2 a/ 0 and a T/ 0 were neglected because they are much smaller than other terms.
Finally, RI between adjacent two targets ( N) is estimated by using following equation:
where NT1 and NT2 are the PRI at two targets, respectively. L1 and L2 are the distances from the radar site to the targets.
Horizontal distribution of temporal variation of refractive index
Here we mention about a,RT and RT in Eq. (7). The effect of atmospheric delay between the radar site and the reference target was estimated from the meteorological tower data of MRI. The tower is located halfway between the radar site and the reference target, and the azimuth direction of the tower is close to that of the reference target. Because the distance to the reference target is as short as 813 m, the meteorological tower data was assumed to represent the atmosphere between the radar site and the reference target. The observation data at the height of 50 m, which is roughly the height of radar dome, was estimated by the vertical interpolation of each stage data of the meteorological tower. was 9.87 × 10 8 m. As for the phase variation of radio waves reflected from the reference target ( RT ), it gradually decreased to 47.1 degrees till 15.5 min, and then increased (Fig. 5b) .
RT at the end of the analysis period was 11.2 degrees. When the temporal variation of RT was compared with that of a,RT , it shows a change similar to a,RT . This similarity indicates that RT contains the influence of the atmosphere. Figure 6a shows the distribution of IDP at the end of analysis period. IDP was obtained by adding the phase that corresponds to the fractional portion of wave number of IDP to the value of the number of phase wrapping multiplied by 360. Most of IDP was yielded from the number of phase wrapping. This smooth distribution indicates that IDP was produced by atmospheric variation.
Next, the temporal variation of NT was obtained using a,RT and RT at the end of the analysis period (Fig. 6b) . Because NT was noisy, the spatial smoothing of which influence radius was set to 10 km was performed. RI between the targets on the same azimuth direction ( N) was estimated from the smoothed NT (Fig. 6c ). There were the increased regions of N on the eastern and southwestern sides of the radar site. The increased region on the eastern side of radar (indicated by a red arrow in Fig. 6c ) coincided with the cloud band that was generated in convergence zone (Fig. 1) . This temporal variation of N shows an agreement with the distribution of cloud band.
Summary and discussions
Results of this study are summarized as follows:
(1) Temporal variation of refractive index was estimated from the phase data observed by the magnetron type C-band Doppler radar by removing the influence of its frequency drift. (2) Estimated temporal variation of the refractive index showed an agreement with the distribution of cloud band. This coincidence suggests that the phase data of Doppler radar has the potential to express the lowlevel atmospheric variation.
As the first step of the study using the phase data of Doppler radar, the refractive index variation of daytime sea-breeze front event was shown. The accuracy of the refractive index data, the sophisticated identifying method of the targets, and the relations to other observation data and to other meteorological phenomena remain as the future subject. To use the refractive index estimated from radio wave phase as meteorological data, further studies are desired. 
